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ABSTRACT

SWIFT ELECTR-OPTIC MODULATOR

Geof Harston
Department of Electrical and Computer Engineering
Master of Science

The Silicon Wafer Integrated Fiber Technology, SWIFT, is a novel platform for
the development of photonic devices. SWIFT is comprised of an optical fiber,
specifically a D-fiber in this work, embedded into a V-groove etched into a silicon wafer.
This provides a method to secure the fiber and allows the use of standard semiconductor
industry equipment and techniques in latter processing for device fabrication.
The SWIFT platform is used as the basis for the development of a polarimetric infiber electro-optic modulator. The modulator is based on the application of a nonlinear
optical polymer, NLOP, film into the evanescent field of a D-fiber. In this way electric
fields applied to the NLOP can be used to influence the light propagating through the
fiber. The two initial processes in fabricating the modulator are accessing the evanescent
field of the D-fiber and making a nonlinear optical polymer (NLOP) thin film.

To expose the evanescent field the fiber is chemically etched using hydrofluoric
acid. During the etching, light transmitted through the fiber is monitored for changes in
power and polarization. The measured optical changes are correlated to scanning electron
microscope images of the etched fibers to relate the etch depth to the changes in power
and polarization. This provides an etching process that is controllable and repeatable.
The NLOP films are made from a simple guest-host system based poly(methyl
methacrylate) (PMMA) and dispersed red 1 azo dye (DR1), a nonlinear optical dye. The
films are poled to align the dye molecules so that the polymer will exhibit nonlinear
optical properties. The poled polymers are tested for second harmonic generation, SHG,
to insure that they are nonlinearly optically active.
Utilizing the SWIFT platform and the monitored etching process, fibers were
etched to a desired 0.2 microns from the core on a repeatable basis. A nonlinear optical
polymer was synthesized, formed into thin films, and poled. Nonlinear optical activity in
the films was verified by SHG testing.
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Chapter 1

Introduction

There is a continuous demand for smaller and more powerful electronic devices in
our society. This demand has been brought on and kept alive with the increased
development and proliferation of integrated electronics. Advances in integrated
electronics have allowed incredible miniaturization, making electronic products both
smaller and cheaper.
With the ever-present demand to make smaller and faster electronic devices, the
value of miniaturization and integration of optical devices becomes increasingly more
apparent. High-speed optical and optoelectronic devices are becoming important in many
fields. This is particularly true in telecommunications where optical signal transmission
serves as the backbone for voice and data transmissions. The desire to include optical
components into more products and services is fueling efforts in the development of
optical and optoelectronic components and systems.
Part of these efforts is the integration of photonic and electronic components into
the same package, allowing devices to exploit the strengths of both technologies. For
example, such a hybrid system could take advantage of the signal carrying capacity of
fiber optics and the highly developed signal processing abilities of microelectronics. The
1

key issue in obtaining this integration of technologies is developing a packaging scheme
that supports both types of devices.
Most of the currently published efforts in industry to develop hybrid
photonic/electronic components are focused on the use of semiconductors that exhibit
photonic properties. These materials include silicon, gallium arsenide and particularly
indium phosphide. One advantage of these materials is that they can be handled using
batched processing techniques that are standard in the semiconductor industry.
This thesis reports on an alternative integration scheme: the Silicon Wafer
Integrated Fiber Technology, SWIFT [1]. SWIFT is a packaging scheme that merges
microelectronic and photonic packaging schemes by embedding an optical D-fiber into a
silicon wafer. In this way we hope to merge semiconductor and in-fiber optical devices
into a single package.

Figure 1.1 SWIFT
2

Figure 1.1 is a conceptual drawing of the basic elements of the SWIFT
architecture. In our work a silicon wafer serves as the substrate for the system. The use of
the silicon wafer allows the utilization of processing equipment and techniques that are
standard in the semiconductor industry. A V-groove is etched into the wafer to hold the
D-fiber. The D-fiber is then placed into the V-groove with the flat surface of the fiber
facing up, as shown in the figure.
We are using the SWIFT platform as a basis for the development of polarimetric
devices, devices whose operation is based on detecting changes in the polarization of
light. To do this we are taking advantage of the birefringent and polarization maintaining
properties of the D-fiber. By affecting the birefringence of the D-fiber the polarization of
light traveling through the fiber can be changed.
One such polarimetric device is an electro-optic modulator, Figure 1.2. The
modulator is based on using a nonlinear optical polymer, NLOP, in the evanescent field
of a fiber to affect the birefringence of the fiber. NLOPs are electro-optically active
materials; their optical properties are affected by electric fields. By applying a voltage
across the NLOP in the evanescent field of the fiber the optical mode inside the fiber can
be influenced, changing the birefringence. The changes in the birefringence result in
changes in the polarization of the light propagating in the fiber. The polarization of the
light can be rotated to either pass through or be completely blocked by a polarization
filter at the output of the fiber. In this way electrical pulses applied to the modulator can
be translated in to pulses of light.

3

Figure 1.2 NLOP Polarimetric Modulator

In this thesis two of the processes necessary for the development the polarimetric
electro-optic modulator are reported on: accessing the evanescent field of the D-fiber and
creating the nonlinear optical polymer.
The evanescent field of the D-fiber is accessed by chemically etching a portion of
the fiber. The etchant is based on hydrofluoric acid, a chemical commonly used in the
semiconductor industry to remove silicon oxides. To allow for precise control and
repeatability of the etching depth, light passing through the fiber is monitored during the
etching. Changes in both the power and the polarization of the light are monitored. These
changes are correlated to amount of the fiber that has been removed, as measured using
scanning electron microscope images of the etched fibers. This process gives a reliable
method to control the etching process and achieve consistent etching depths of the fibers.
The NLOP is a simple guest host system where a basis polymer, in our case
poly(methyl methacrylate) (PMMA), is doped with a nonlinear optical dye, dispersed red
1 azo dye (DR1). The polymer and dye are mixed together in a solvent to form the
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NLOP. Thin films of the NLOP are created by spinning the polymer solution across
planar substrates. The processes of mixing the polymer and creating the films have to be
carefully executed in order to insure the quality of the resultant films.
After the films have been formed they must be poled, aligning the dye molecules
within the polymer, to exhibit nonlinear optical properties: electro-optic activity, second
harmonic generation, etc. Poling is accomplished by heating the film, applying an electric
field across it to which the dye molecules align, and then allowing the film to cool with
the electric field maintained. This in effect freezes the dye molecules in alignment. The
poling can be done with an electrode placed directly on top of the polymer, similar to the
situation in Figure 1.2. However, much better results are achieved through the corona
poling process, which employs a thin electrode suspended above the polymer.
This thesis reports on the work involved in developing these two processes,
accessing the evanescent field of the fiber and creating the NLOP films, and in
developing the SWIFT platform. These efforts resulted in the capability to create NLOP
films being added to the abilities of our lab, including synthesis of the polymer and
corona poling. Previous work in monitored etching of D-fibers was expanded on to
include the effects of etching in proximity to the fiber core on the polarization of light
propagating in the fiber. To implement SWIFT, the process for etching V-grooves in
silicon wafers was setup in our lab and the techniques for embedding and securing the Dfibers were developed.

5
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Chapter 2

Silicon Wafer Integrated Fiber Technology

2.1 Introduction

As the use of optical and photonic devices increases, particularly in
telecommunications, there is an increased drive towards integration, putting several
devices in the same package. Microelectronics have reached very high levels of
integration with large and complex circuits being held on a single chip; these devices are
both small and efficient. As a result of this high level of integration microelectronics have
been used to improve many of the products and services that we use in our daily lives.
Similarly an increase in the integration of optical devices would allow the advantages of
optical systems to be used in more products. SWIFT, Silicon Wafer Integrated Fiber
Technology, is a merging of microelectronics and fiber optics to create a packaging
scheme that integrates these two technologies.
The SWIFT technology combines silicon wafers, the principle substrate for
microelectronics, and in-fiber photonic devices, a recent and quickly growing platform in
optics. The key components in the SWIFT technology are optical D-fibers and silicon Vgrooves. The silicon V-groove serves several purposes in the SWIFT technology.
7

Primarily, the V-groove holds and secures the D-fiber for processing. This greatly
facilitates working with the fiber in fabricating devices. Also, the silicon can be used a
substrate to develop electronic components around the fiber.
The D-fiber serves as the optical element in the SWIFT technology and is the
basis for our development of in-fiber devices. These are devices that operate on light
traveling through the fiber rather than coupling the light into some other medium. The Dfiber has several characteristics that can be advantageous in device development. The
shape of the D-fiber facilitates accessing the light guiding region of the fiber. Also, the
light guiding properties of the fiber can be used to develop polarimetric devices, devices
based on changes in the polarization state of the light traveling through the fiber.
This chapter discusses the importance of packaging schemes in developing
integrated devices and how SWIFT can help in the development of hybrid integrated
systems. Also, the implementation of the SWIFT technology is addressed: including the
D-fibers and their properties, how the V-grooves are made, and the method of embedding
and securing the fibers.

2.2 Integrated Device Packaging

In the design and production of material goods the properties and characteristics
of the product can be determined by materials and processes used in fabrication. Different
materials used to make circuit boards will result in boards with different electrical and
thermal characteristics as well as differences in the ease and cost of fabrication. The same
is true with integrated devices. The selection of certain materials or packaging schemes
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provides advantages in developing integrated devices. Some choices may be based on
end product’s functionality and some may be based on making fabrication simpler and
less expensive.
In our work we desire a platform with suitable characteristics for the development
of optoelectronic devices. We want a substrate that is versatile, easy to work with, and
that provides a stable basis for creating rugged and durable devices. Several other
characteristics that are important are that the platform facilitates interactions between
several devices and simplifies access to the integrated devices after construction. To
provide these advantages the platform needs to be specific to the technologies involved;
the technology upon which the platform is base should be complementary to the physical
principles that the devices operate on.
The use of semiconductors in microelectronics is an example of a development
platform being technology specific. Since the development of the transistor,
semiconductors,

especially

silicon,

have

become

the

primary

substrate

for

microelectronic devices; this follows from the facts that transistors are made from
semiconductor p-n junctions and have become the major component in electronic circuits.
In order to build entire electronic circuits on one substrate, techniques have been
developed to fabricate other electronic components, such as resisters and capacitors, in
semiconductors.
Many optical devices are also made from semiconductors. While silicon is used in
some photonic devices, most of the semiconductors used for optical devices are electrooptic materials. Examples of these materials are indium gallium arsenide (InGaAs),
indium phosphide (InP), and lithium niobate (LiNbO3). These types of materials are used
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in the development of a large variety of photonic devices including: lasers,
photodetectors, and electro-optic modulators.
Over the past several decades there have been many significant advances in
semiconductor technologies allowing the development of smaller, faster, and cheaper
electronic and optoelectronic devices. The planar nature of electronic circuits and silicon
wafers has meshed well and has allowed the development very complex circuits on a
single chip. Unfortunately, optical systems and components are often not planar in nature;
the planar geometry of semiconductor substrates is not well suited for many photonic
devices and systems.
The main signal-carrying component in optical systems is the fiber optic
waveguide or optical fiber, a strand of glass that guides light. Due to their inherently
good optical properties, these fibers are increasingly being used as the platform for the
development of photonic devices. “In-fiber” devices include lasers, amplifiers, filters, and
sensors. An example of the increasing importance of in-fiber devices is the erbium-doped
fiber. Erbium doped fibers act as optical amplifiers and have replaced the use complex
regenerators that detected and retransmitted optical signals. These fibers have greatly
decreased the costs and complexity of long-haul optical transmission systems.
The Silicon Wafer Integrated Fiber Technology, SWIFT, is a packaging scheme
developed to merge in-fiber devices and semiconductor microelectronics, creating an
integrated platform for photonic, optic, and electronic devices. In the SWIFT technology
an optical D-fiber is embedded in to a silicon wafer, Figure 2.1. This technology uses a
trench etched into a standard microelectronics silicon wafer to secure and support the
optical fiber. The D-fiber has a flat surface on one side and gets its name from the
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resulting “D” shaped cross-section, see Figure 2.1. The fiber is inserted into the trench
with the flat surface facing away from the wafer, as shown in Figure 2.1. Pig-tailed ends
of the fiber extend off of the wafer to allow easy coupling to the fiber after construction.

Figure 2.1 SWIFT
A D-fiber Embedded in a Silicon Wafer.

The SWIFT platform has several advantageous properties for the development of
integrated optoelectronic devices. The SWIFT platform provides a good physical basis
for device construction and development. The silicon wafer is a stable platform that
facilitates our building of devices. The groove in the wafer provides excellent support for
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the fragile fiber, holding it secure for processing. Also, the silicon wafer allows us to use
the techniques and equipment that have been developed for microelectronics processing.
Another advantage of the SWIFT technology is the D-fiber itself. The D-fiber has
several unique properties that can be used in the development of electro-optic devices.
These properties will be discussed later in this chapter. SWIFT allows us to easily work
with the fibers and take advantage of these properties. Because the fiber is embedded in
the wafer and held securely, we can process it in a controlled and repeatable manner.

2.3 SWIFT

2.3.1 Optical D-Fiber
The major component used to transmit light is the optical fiber. Optical fibers
guide light based on the principle of total internal reflection. When a traveling wave of
light intersects with a boundary of two different materials a portion of the light is
transmitted into the new material while the rest of the light is reflected back into the
original material, Figure 2.2a. If the original material has a higher index of refraction than
the new material it is possible for all of the light to be reflected; this is called total
internal reflection, Figure 2.2b. Total internal reflection occurs when the angle of
incidence is greater than the critical angle, which is determined by the indexes of
refraction of the two materials.
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Figure 2.2 Reflections at Material Boundaries
a) Light incident on a boundary at less then the critical angle. A portion of the light is
reflected and a portion is transmitted into the second material.
b) Light incident on a boundary at greater than the critical angle. All of the light is
reflected back into the first material, total internal reflection.

Total internal reflection is maintained inside optical fibers by regions of differing
indexes of refraction. The three basic regions are the core, the cladding, and an outer
jacket. A cross section of a fiber is shown in Figure 2.3. The core and cladding are both
typically made up of silica glass; the glass comprising the core is doped with Germanium
to increase the index of refraction. The difference in the indexes allows for the total
internal reflection of light within the fiber; therefore, the guided light is well constrained.
The outer jacket is a plastic coating that protects and strengthens the glass fiber.

13

Figure 2.3 An Optical Fiber.

The SWIFT approach uses “D” fibers, shown in Figure 2.4. The glass fiber has a
“D” shaped cross-section; the flat surface is shown facing up. As with most silica fibers,
there is a plastic coating surrounding the fiber for protection. A cross-section of the fiber
is shown in Figure 2.5. The cross-section shows several differences that the D-fiber has
from standard telecommunications fibers aside from the one flat surface. The core of the
D-fiber is elliptical in shape and much smaller than the core of a telecommunications
fiber. Also, the D-fiber has an additional cladding layer. These differences give the Dfiber several unique properties that will be discussed in this chapter.

14

Figure 2.4 D-fiber

Figure 2.5 Cross-section of the D-fiber.

Making Silica Fibers
Optical fibers are made by “drawing”, a process that takes advantage of the basic
properties of glass to make the very thin, uniform fibers. When glass is heated to near its
melting point it can be stretched out or drawn while maintaining its relative shape. An
example of this is done in many high school chemistry classes where a glass stirring-rod
is heated and pulled apart to form a thread of glass. Drawn glass maintains its relative
proportions even while being pulled very thin. This is the key property for making fibers
that have very uniform and precise dimensions.
Initially a glass rod, or pre-form, is created with the different desired index
regions. The pre-form is made from ultra pure silica that has been appropriately doped to
create the core and, in the case of the D-fiber, the cladding. The drawing process is
illustrated in Figure 2.6. The bottom of the pre-form is heated close to the melting point
of the glass and the fiber is drawn off of it. The fiber contains the different index regions
of the pre-form but dimensionally scaled down. Due to this, the dimensions of very thin
fibers can be set extremely accurately in the pre-form. [2]
15

Figure 2.6 Drawing Fiber

In the case of the D-fiber after the pre-form is made one side is milled away to
create the flat surface. When drawn, the fiber maintains the shape of the pre-form and has
a flat surface near the core. Because of the nature of drawing, the depth of the core of the
fiber from the flat surface is very precisely controlled.

Properties of the D-fibers
Our research uses D-fibers that were designed to guide red, 633 nm, and infrared,
1330 nm, light. The glass comprising the core of the fibers is doped with germanium, as
with telecommunications fibers, to increase the index of refraction to 1.482. The cladding
is circular in shape and is doped with fluorine to lower its index of refraction. The
cladding has an index of 1.454 in the fibers for 633 nm light and 1.45 in the fibers for
1330 nm light. In comparison standard telecomm fibers have a very small difference in
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index between core and cladding, around 0.006. The super-cladding, making up the
majority of the D-fiber, is comprised of undoped silica glass.
While most of the light in optical fibers is constrained to the core some does
extend into the cladding. The portion of light in the cladding is called the evanescent
field. Figure 2.7 shows the intensity of the light with respect to the location in the fiber.
The intensity of the light in the evanescent field diminishes the further away from the
core it is. As shown in Figure 2.7 a significant portion of the light extends into the
cladding. In the case of the D-fiber, the relatively large difference in the indices of
refraction causes the light to be more constrained to the core; less power propagates in
the evanescent field compared to a typical fiber used in telecommunications.

Figure 2.7 Intensity of the Light in the Fiber
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D-fibers also have several unique properties based on the shape of the core; the
fiber is polarization maintaining and birefringent. The elliptical shape of the core allows
two polarization modes to exist within the fiber, one with light linearly polarized along
the major axis and the other with light linearly polarized along the minor axis,
demonstrated in Figure 2.8. Light coupled into either mode remains in that mode. The
two modes also have different effective indices of refraction; therefore, one of the modes
has a greater phase velocity than the other, making the fiber birefringent. Birefringence
and its implications will be further discussed in chapter three.

Figure 2.8 The Two Polarization Maintaining States in the Core

An important physical feature of the D-fiber is the flat surface. This surface
provides a plane on which devices can be fabricated and facilitates accessing the light
guided in the fiber. Since the flat of the fiber is considerably closer to the core than the
other surfaces, the core can be exposed while the fiber maintains much of its structure
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and strength. Similarly, the core is only exposed from one direction so there are no losses
of light in other directions.

Table 2.1 Dimensions of the D-fibers
Fiber
Diameter

Core
Dimensions

Distance from
core to Flat

Cladding
Diameter

Plastic
Coating
Diameter

633 nm fiber

70 µm

2.5 x 1.25 µm

7 µm

~ 4 µm

240 µm

1330 nm fiber

125 µm

4 x 2.5 µm

16.5 µm

NA

250 µm

In our work we use several of the unique properties of the D-fiber in device
development. To facilitate this development the fiber must be held securely with the flat
side accessible. To do this the fiber is embedded into a V-groove in a silicon wafer. The
V-groove holds the fiber snuggly and the silicon wafer allows us to use equipment from
the semiconductor industry in device fabrication.

2.3.2 V-Groove in Silicon Wafer
The second major component of the SWIFT technology is the V-groove
etched into a silicon wafer. The D-fiber must be embedded into the groove so that it is
held securely with the flat surface accessible. The flat side of the fiber should face up and
be parallel to the surface of the wafer. To do this the width of the groove is set so that the
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fiber nests securely into the groove and won’t twist or rotate out of position. Also, the
groove is etched to a depth that holds the flat surface of the fiber near the surface of the
wafer.
The process of etching the grooves consists of several common techniques used in
semiconductor processing. Figure 2.9 shows the steps in this etching process. We use ndoped silicon wafers to allow for greater conductivity in the silicon. The V-grooves are
formed by etching the silicon wafer with potassium hydroxide, KOH. A mask of silicon
dioxide protects the areas of the wafer that are not to be etched.

Figure 2.9 The Process for Etching a V-groove into a Silicon Wafer

The first step in the V-groove etching process is to grow a layer of silicon dioxide
onto silicon wafers. Silicon dioxide is resistant to potassium hydroxide, KOH, and forms
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mask for the KOH etching. To grow the silicon dioxide layer the wafers are heated to
near the melting point of silicon, 1110°C, exciting the silicon atoms, and then exposed to
oxygen. The excited silicon and oxygen react to create the layer of silicon dioxide on the
wafer.
Next photoresist is spun onto both sides of the wafers. Photoresist is a photoactive
material that is used in photolithography and other semiconductor processes. The
photoresist on the front sides of the wafers is used to make the mask in the silicon
dioxide. The mask is patterned into the photoresist using photolithography. The areas
where the grooves will be etched are exposed to ultra-violet light, weakening the
photoresist. The weakened photoresist is then dissolved away revealing the silicon
dioxide. The exposed silicon dioxide is then etched away with hydrofluoric acid, HF. The
photoresist mask is removed from the wafer by either plasma etching or rinsing the wafer
with acetone and methanol.
Applying photoresist onto the backs of the wafers is a technique unique to our
processing that keeps the wafers stronger during subsequent processing. The V-grooves
are etched relatively deep into the silicon and if the backs of the wafers are not protected
by silicon dioxide the etching significantly thins the silicon wafers, making them very
brittle. The photoresist protects the oxide layer on the backs of the wafers from being
etched away during the HF etch.
Finally, the grooves are etched into the silicon using potassium hydroxide, KOH.
The KOH is heated to 80°C to increase its etch rate, decreasing the etching time. Even so,
the etch times vary from two to three hours depending on the desired depth. The KOH
etch of silicon is anisotropic, preferring to react with one orientation of the crystalline
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structure than the others. This property of the etch helps to constrain the widths of the
grooves. The etched groove in the silicon has sidewalls of 54.7°, as shown at the bottom
of Figure 2.9. SEM pictures of grooves are shown below in Figure 2.10.

Figure 2.10 SEM Pictures of a V-groove in a Silicon Wafer
Courtesy of Tim Peterson.

The dimensions of the groove are set to hold the fibers securely. For the 633 nm
fibers the width at the top of the groove is 120 microns. For the 1330 nm fibers the
groove width is increased to 150 microns. Near the edges of the wafer the groove width is
increased to 245 to 265 microns to accommodate the width of the plastic jacket, shown in
Figure 2.11. The plastic jacket helps protect the fiber from breaking at the edges of the
wafer. The groove is etched about 100 microns deep, allowing the plastic coating to fit
into the groove and keep the exposed portion of the fiber level with the top of the wafer.
The groove runs completely across the wafer, which is about ten centimeters in diameter;
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the narrow section in the center that holds the exposed portion of the fiber is five
centimeters long.

Figure 2.11 Silicon Wafer with Embedded Fiber

Once the groove has been etched into the silicon wafer the next step is to embed
the fiber. Before the fiber is embedded the plastic coating has to be removed and the fiber
must be cleaned. As stated above, the fiber must be set correctly into the groove with the
flat side accessible and secured for any processing that may follow.

2.3.3 Embedding the Fiber
Fiber Preparation
The first step in preparing a fiber to be embedded is to remove a portion of the
plastic jacket. Only a small section of the jacket is removed, approximately fivecentimeters, leaving the majority of the plastic to protect the fiber. The section of plastic
to be removed is soaked in dichloromethane, a solvent that weakens the plastic without
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damaging the fiber. Then the weakened portion of the plastic coating is carefully stripped
away.
After the plastic has been removed the fiber is carefully cleaned. This is done to
insure that potential contaminants are removed from the surface of the fiber. Any
contaminates on the fiber will leave a rough surface when the fiber is etched. In the
cleaning process the fiber is initially soaked for a half hour in Decontam, a cleaning agent
used in the semiconductor industry. This removes the residual plastic and the majority of
contaminants. Then the fiber is rinsed in de-ionized water to clean off the Decontam. As
the final step, the fiber is rinsed with methanol, which dries without leaving any residue.

Fiber Entrenchment
The fiber must be placed and held in the groove with the flat surface up. To find
the flat surface of the fiber it is rotated under a light; the flat surface reflects brighter than
the other sides of the fiber and can be easily spotted. The fiber is then carefully placed in
the groove, taking great care to maintain the correct orientation of the flat side. Once
correctly fit into the groove, the fiber is secured temporarily with adhesive tape. Small
dabs of epoxy are used to secure the fiber permanently. After the epoxy hardens, the tape
is removed leaving only the epoxy to hold the fiber through any latter processing steps.
The pig-tailed ends of the fiber, which extend off of the wafer, are coiled on top
of the wafer and held in place with tape. After any further processing on the fiber or the
wafer the tape is removed and the pigtails uncoiled. The pig-tailed ends facilitate
coupling light in and out of the embedded fiber after the device is completed.
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2.4 Summary

The SWIFT technology provides a novel way to integrate materials used in
optical and microelectronic device fabrication. This allows us to take advantage of the
advances in semiconductor processing in fabricating in-fiber optical devices. Also, with
the SWIFT technology we hope to create hybrid devices on the same substrate. These
hybrid devices would be able to combine the functionality of microelectronics and the
growing importance of optical signals.
The ability to embed fibers in a repeatable manner using the V-grooves allows us
to create stable and rugged structures on which to develop devices. In this development
and fabrication of devices, we wish to use the advantages of the D-fibers and the SWIFT
packaging. By providing access to the core of the fiber and a platform on which to
support devices, the SWIFT technology lends itself to applications in developing devices
that affect the light inside the fiber. In our work, we have applied the SWIFT substrate
and the D-fiber’s birefringence in the development of in-fiber polarimetric devices.
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Chapter 3

Polarimetric Devices

3.1 Introduction

The SWIFT method of integrating optics and electronics can be used in many
different applications. SWIFT can provide a stable basis for the development of optical
coupling through surface relief diffraction gratings, optical coupling between fibers, inline polarizing, and on-fiber filtering. Due to the birefringent nature of the D-fibers, the
technology lends itself well to the development of polarimetric devices. These devices
are based on measuring changes in the polarization of light in the fiber. In the D-fiber
changes in polarization can be caused by external influences affecting the birefringence
of the fiber. Some proposed devices based on polarimetry are optical modulators and
phase shifters, and temperature and pressure sensors.
Birefringence refers to differences in the phase velocities of light traveling
through a medium; the medium exhibits different indexes of refraction depending on the
direction or polarization of the propagating light. The birefringence of the D-fibers is due
to the two polarization maintaining modes, which have different effective indexes of
refraction. The birefringence of the fiber causes a rotation in the polarization of the light
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traveling through the fiber. A change in the birefringence results in a shift in the
polarization of the light. Using a polarization filter described in this chapter these changes
in polarization can be monitored.
The polarization filter allows for the measurement of changes in polarization by
monitoring the optical intensity. This is achieved by the use of a filter that blocks one
linear polarization state. Light in the orthogonal linear polarization state passes through
the filter and is detected with an optical power meter. If the polarization of the light
changes the optical power increases in one of the two orthogonal states and decreases in
the other. The power meter detects this change in intensity. By monitoring the
polarization of the light in the D-fiber, changes in the birefringence can be exploited to
develop photonic devices.
This chapter describes a method of using the birefringent fiber and the
polarization filter to build an optical modulator. The modulator is based on using a
nonlinear optical polymer, NLOP, to affect the birefringence of the fiber. The NLOP is
placed in the evanescent field of the fiber where a portion of the guided light couples into
it. The optical properties of the NLOP are influenced by electric fields and result in
changes in the effective indexes of refraction of the fiber. The electric fields can be
applied so that the polarization of the light is rotated to either pass through the filter or be
completely blocked. This allows for a series of on-off optical pulses to be created. The
polarization filter and NLOP provide a means for high-speed optical modulation inside of
an optical fiber.
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3.2 Birefringence

Many materials exhibit different indexes of refraction for different polarizations
of the light traveling within the material. These materials are called anisotropic because
of their non-uniform permittivities. The effect of the anisotropy is that light traveling
through the material along different axis or with different polarizations could have
different phase velocities. Materials that exhibit this property are called birefringent; the
difference in the indices of refraction is called the birefringence of the material.
The D-fibers are also birefringent. As opposed to a material property, the
birefringence of the D-fiber is related to the elliptical geometry of the core. As stated in
Chapter Two, the fiber core supports two polarization maintaining modes; one with linear
polarization along the major axis of the ellipse and one with linear polarization along the
minor axis. The two modes are mutually orthogonal; therefore, any initial polarization
state can be decomposed into these two polarization states. When light is coupled into the
fiber it separates into these two modes. These two modes exhibit different indexes of
refraction; therefore, the fiber is birefringent. [3]

3.3 Polarimetry

3.3.1 Birefringence and Polarization in the D-Fiber
The birefringence of the D-fiber causes a rotation in the polarization of light
traveling through the fiber. Since the light in the two modes travels at different velocities
the difference between the phases of the light in each mode changes. Figure 3.1 shows
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this effect of the birefringence on the polarization. A D-fiber is shown in the lower right
hand corner of the figure with a blow-up of the core to the left. The arrows in the core
indicate the two different polarization-maintaining modes with indexes of refraction n1
and n2.

Figure 3.1 The Effects of Birefringence on Polarization of Light in the D-fiber

Above the blow-up of the core are the waves in each of the modes. The wave
traveling in the mode with the lower index of refraction has a higher phase velocity and
shorter wavelength. The polarization resulting from the sum of the two modes rotates as
the difference in the phase between the two modes changes. The example to the right of
the waveforms in the figure shows the polarization rotating from linear to elliptical to
circular to elliptical to linear as the light travels through the fiber.

30

3.3.2 Polarization Filtering
In our work we are interested in affecting the polarization of light by controlling
the birefringence of the D-fiber. This provides a very sensitive tool since small changes
in birefringence can result in large changes in polarization. A simple method for
monitoring changes in polarization is polarization filtering. In this technique light is
passed through a polarization filter and the intensity of the filtered light is monitored.
Polarization filtering is based on the decomposition of a polarization state into the
sum of two orthogonal polarization states. If the polarization of the light changes then
the amount of power in each of the two orthogonal states also changes. The filter is used
to block one of the orthogonal polarization states and allow the other to pass. Therefore,
any changes in the polarization of light passing through the filter can be detected as
changes in optical power.
For an example, a polarization filter that only passes vertically polarized light is
placed in front of a photodetector. Rotating a linearly polarized light source from vertical
by 45 degrees causes a fifty percent drop in the detected power. If the source is rotated
another 45 degrees, to horizontal, the filter blocks all of the light.
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Figure 3.2 Polarization Filter
The arrows on the left indicate the polarization of the light: vertical, 45°, and horizontal
from top to bottom. The light passes through the filter and into the detector.

In our work we use a polarization filter based on the principles mentioned above
to monitor the effects of changes in the birefringence of the D-fiber. The filtering system
is shown in Figure 3.3. As stated above this system allows us to monitor of changes in the
polarization of light by measuring optical power.
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Figure 3.3 Polarization Filtering

A linearly polarized laser provides light for the system. In our work both 633 nm
and 1330 nm wavelength lasers are used. Typically the laser is oriented such that the
polarization is 45 degrees from either horizontal or vertical, with the top of the optical
bench serving as the reference. When it is not convenient or possible to orient the laser to
the desired position, a half-wave plate can be used to rotate the polarization of the light.
The couplers are microscope lenses through which the light from the laser is
focused into and out of the fiber. The D-fiber is aligned with the major axis of the
elliptical core parallel to the top of the bench. In this way the light from the laser couples
into the fiber 45 degrees off axis. Half of the power couples into the vertical mode,
polarized along the minor axis, and half couples into the horizontal mode, polarized along
the major axis. As stated previously the light in the two modes will travel at different
phase velocities resulting in the rotation of the polarization as the light propagates along
the fiber.
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The light is coupled out of the fiber and passes through an analyzer. The analyzer
is a polarization filter that blocks one linear polarization state. In this system the analyzer
is set to filter out a linear polarization state that is 45° off axis; the power in the other
polarization state is measured by the photodetector. The key result of polarization
filtering is that a change in the polarization of the light in the fiber can be easily measured
as a change in power.

3.4 Polarimetric Modulator

3.4.1 Electro-Optic Modulators
There are two primary methods for modulating light in telecommunications
systems: direct and external modulation [4]. Direct modulation refers to the modulation
of the light source, i.e. turning a laser on and off to create pulses, while external
modulation uses a separate device to modulate the light. External modulation has become
the dominant method for high-speed long-haul telecommunications systems.
External modulators can be implemented using a variety of materials and
architectures although typically electro-optic materials are used. In electro-optic materials
the permittivity of the material is affected by the presence of electric fields. Many
electro-optic materials are also birefringent [5]. Since the indexes of refraction are related
to the permittivities of the materials, the phase velocities of light inside the materials can
changed by the application of electric fields. These changes are exploited in various ways
to achieve optical modulation [6].
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A material used in many commercial electro-optic modulators is lithium niobate,
LiNbO3. Lithium niobate is a crystalline material that is optically transparent as well as
birefringent. Currently, most 10 GHz per channel long-haul telecommunications systems
are based on lithium niobate modulators. Several companies are now offering 40 GHz
modulators in anticipation of the development of higher bandwidth systems.
As products are developed to meet future needs there is an emphasis on higher
operating speeds and greater levels of device integration. Many electro-optic materials
are currently being investigated for use in developing optoelectronic devices. Several
groups, ourselves included, are working with nonlinear optical polymers, NLOPs, to
create electro-optic devices, such as optical modulators [7][8][9][10]. NLOPs have
various characteristics that may facilitate the development of high speed, low voltage
electro-optic devices.

3.4.2 Nonlinear Optical Polymers
NLOPs have several advantages over traditional electro-optic materials, i.e.
lithium niobate. Most importantly, the polymers can support faster modulation speeds. As
of 1999 devices with operational frequencies of at least 150 GHz had been developed [7].
As the development of the polymers continues it is believed that much higher modulation
frequencies will be readily achievable. The reason for higher bandwidths is that the
polymers have low relative permittivities [7]. Therefore, RF signals travel though the
material at velocities that are closer to the velocities of the optical signals. This allows the
use of longer excitation structures without the RF and optical signals de-phasing or
falling out of phase with one another.
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The ability to use longer excitation structures offers the potential for lower driving
voltages. Longer interactions between the RF driving signals and the light require lower
amplitude RF fields to achieve comparable modulation depths. Also NLOPs with higher
electro-optic coefficients, making the optical properties more sensitive to electric fields,
are being developed to help lower the driving voltages [7].
Typical NLOPs are comprised of a basis polymer and a non-linear optical dye,
which provides the electro-optic properties. There are two common methods of creating a
NLOP from the polymer and the dye. The first method is called a guest-host system. In a
guest-host system a relatively small amount of dye is mixed together with the basis
polymer. This is the simplest and most straightforward method and is used by many
groups working with NLOPs. Previous research by several of these groups has shown
optical modulation with guest-host systems [9][10].
The other method of creating a NLOP is to connect the dye molecules to the
polymer chains, forming a copolymer. Copolymers maintain the characteristics of the
basis polymer better and provide more electro-optic activity than guest-host systems of
the same materials. However, copolymers are significantly more difficult to fabricate. At
this stage of our research we are using a guest-host system similar to polymers used in
previous work [11].
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3.4.3 Polymer Based Modulators
There are many different schemes currently in development for building electrooptic modulators using NLOPs. These approaches include traditional optical modulation
methods as well as the exploration of new techniques. Traditional approaches include
using polymer waveguides to implement phase modulators and Mach-Zehnder
interferometers. More novel approaches include the utilization of NLOPs in the
evanescent field of an optical fiber to affect the optical mode.
A traditional method that is used in many commercial electro-optic modulators is
the Mach-Zehnder interferometer. Figure 3.4 below shows the waveguide layout in an
electro-optic material for a single-drive Mach-Zehnder modulator. Light enters the
electro-optic material and is divided into two parallel paths. The paths are of equal length
and recombine at the end of the device. The phase velocity is controlled in one of the
waveguides by the application of an electric field. The strength of the electric field can be
set such that the light in the one arm is delayed by half a cycle or 180 degrees out of
phase with the light in the other arm. When the two arms recombine the light will
destructively interfere and no light will pass out of the device. By turning on and off the
electric field a series of on-off optical pulses can be created.
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Figure 3.4 Mach-Zehnder Interferometer
a) Constructive interference b) Destructive interference

This Mach-Zehnder technique is being used to developed modulators in polymer
substrates. The modulators operate on the same principles as stated above. Polymer
Mach-Zehnder modulators use buried waveguides that are embedded in the polymer
substrate, as shown in Figure 3.5. These devices take advantage of the phase matching
capabilities of the polymer to obtain higher modulation frequencies with respect to
lithium niobate devices. Devices of this nature have been operated in the 100 to 200 GHz
ranges as of 1999 [7].
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Figure 3.5 A Buried Polymer Waveguide

Optical modulators are also being developed using NLOPs in the evanescent field
of optical fibers [1][8][9]. One advantage of this method is that the light is not coupled
out of the optical fiber and into another material, potentially allowing for the
development of devices with very low insertion losses [8]. This method uses changes in
the index of the polymer from electro-optic effects to affect the propagating modes in the
fiber.
Several groups are using this technique to develop modulators based on changing
the index of refraction of the polymer to couple light out of the fiber [8][9]. These
devices are often constructed on polished half coupler blocks, shown in Figure 3.6. The
blocks consist of an optical fiber embedded into a glass block and then polished to
remove a portion of the cladding, exposing the evanescent field. The polymer is placed
on the exposed section of the fiber and a portion of the evanescent field couples into the
polymer. On-off modulation is achieved by changing the index of the polymer with an
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electric field such that the propagating optical mode is destroyed and all of the light
scatters out of the fiber core.

Figure 3.6 Half-Coupler Block
Above on left: a fiber cemented into a glass block.
Below on right: the fiber and block are polished to expose the core or evanescent field.

3.4.4 SWIFT Modulator
Our work is also based on an NLOP in the evanescent field of the fiber. We use
the birefringent nature of the D-fibers and the NLOP as the basis for a polarimetric
electro-optic modulator.

This type of modulation is based on the principles of

polarimetry described earlier in the chapter to create on-off pulses. In a polarimetric
modulator polarized light is passed through an electro-optically active birefringent
material and then through a polarization filter. By applying an electric field to the electro40

optic material the polarization can be changed such that the light either passes through the
filter or is blocked.
Figure 3.7 shows the layout of the NLOP polarimetric electro-optic modulator.
Utilizing the SWIFT technology, a fiber embedded in a silicon wafer provides the basis
for the device. A portion of the fiber cladding is removed to expose the evanescent field
and the NLOP is placed in optical contact with the fiber. This allows the evanescent field
to couple into the polymer, as with the half coupler devices previously discussed. An
electric field is applied across the NLOP using an electrode on top of the polymer with
the silicon wafer acting as the ground plane. Changes in the index of refraction of the
polymer caused by the electric field affect the effective indexes of refraction and
birefringence of the fiber.

Figure 3.7 NLOP Polarimetric Modulator
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In the SWIFT polarimetric modulator linearly polarized light is coupled into the
fiber at 45 degrees off of the axis of the core, as described previously in polarization
filtering, to excite both of the polarization maintaining states. In the region of the fiber in
which the cladding has been removed and the polymer applied, a portion of the
propagating light couples into the polymer. The optical mode field now includes the
portion of the polymer in which the evanescent field is traveling and is affected by any
changes in the optical properties of the polymer.
The optical mode of one of the polarization maintaining states is affected more by
the addition of the polymer than the other. Therefore, any changes in the optical
properties of the polymer result in a change in the birefringence of the fiber and as stated
previously changes in the birefringence cause changes in the polarization of the light. The
result is that an electric field applied across the NLOP can be used to control the
polarization of the light in fiber.
A key issue in building the SWIFT modulator is having good optical coupling
between the fiber and the polymer. The light should couple between the fiber and the
polymer with minimal reflections and scattering losses. This is affected by etch
uniformity, the quality of the polymer, and the how the polymer is physically adhered to
the fiber. Good optical contact also relates to the amount of light that couples into
polymer as determined by the etch depth. The fiber must be etched deep enough to allow
enough of the evanescent field to couple into the polymer to effect the optical mode.
However, the etch depth must be limited to maintain the optical waveguide and limit
losses. Obtaining good optical coupling between the fiber and polymer requires control of
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the fiber etching process and a reliable process for making and applying the polymer
films.

3.5 Summary

The use of the polarization filter and nonlinear optical polymers provides a novel
approach for developing an electro-optical modulator. The birefringence of the D-fiber
allows us to build the polarimetric modulator in the fiber, maintaining the light in the
waveguide. Also, the flat of the D-fiber facilitates accessing the evanescent field of the
fiber and coupling light into the NLOP.
The SWIFT technology provides the basis for this device, facilitating the handling
and processing of the devices. After embedding and securing the fiber into the silicon
wafer there are several processing steps that are important in the fabrication of the
polarimetric modulator. These steps include accessing the evanescent field of the fiber
and applying the poled polymer. These steps are critical to insure good optical coupling
and minimal losses.
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Chapter 4

Swift Modulator

4.1 Introduction

The work reported on in this thesis is centered on two important processes in the
developing of the polarimetric electro-optic modulator: accessing the evanescent field of
the D-fiber and making the nonlinear optical polymer (NLOP) thin film. The SWIFT
technology for embedding an optical fiber into a silicon wafer serves as the platform for
developing these two processes.
These two processes form the initial steps in the development of the modulator.
Since the basic operating principle of the modulator is controlling the polarization of the
light inside of the fiber, the optical field must be accessed. To do this a portion of the
glass cladding needs to be removed, exposing the evanescent field of the fiber. A process
based on chemical etching using hydrofluoric acid to thin the cladding is described in this
chapter. This process includes monitoring optical power transmitted through the fiber and
the change of the birefringence of the fiber during the etching. These measured results are
correlated to scanning electron microscope pictures of the etched fibers to furnish a
controllable etching process that allows repeatable etching depths.
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The NLOP film is the instrument by which the optical field is controlled in the
proposed modulator. As this work is an initial attempt at developing in-fiber optical
devices using NLOPs, we are employing a very basic NLOP. The NLOP is a guest-host
system in which a relatively common polymer, poly(methyl methacrylate) (PMMA),
serves as a host for a nonlinear optical dye, dispersed red 1 azo dye (DR1). The resulting
NLOP has physical properties (index of refraction, glass transition temperature, …)
similar to those of the host polymer but is nonlinearly optically active due to the dye. The
processes used to create the NLOP thin films are explained in the chapter, including
testing of the films for second harmonic generation to insure the nonlinear activity of the
films.

4.2 Accessing the Evanescent Field of the D-Fiber

4.2.1 Etching the Fiber
In order to access the evanescent field of the optical fiber a portion of the cladding
must be removed. The process used to do this must be controllable and give repeatable
results. Also, the process must not damage the optical guiding properties of the fiber.
Two common methods for removing the cladding are mechanically, by polishing a
section of the fiber, and chemically, by etching the glass. In this work we have continued
in developing a chemical process based on work from previous research [12]. The
process uses a wet etch in which the fiber is immersed in a chemical that reacts with and
etches glass. This process is simple to implement, etches relatively quickly, and is fairly
low cost.
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This research describes a chemical wet etch based on hydrofluoric acid (HF) to
remove the cladding. HF is a commonly used etchant for silicon oxides in the
semiconductor industry and its properties are well understood. Specifically the etchant is
Buffered Oxide Etch, BOE, which is comprised of hydrofluoric acid and ammonium
fluoride. BOE has a slower etch rate of glass than pure HF and etches more uniformly
[12]. The slower etch rate allows better control of the etching and the uniformity helps in
maintaining a more repeatable process.
One potential problem in using wet etching is that any exposed surface is etched.
The evanescent field of a standard optical fiber etched in BOE would be exposed on all
sides, destroying the fiber. However, the D-fiber allows the use of a wet etch due to the
proximity of the core to the flat surface of the fiber. The diameter of the fiber is 70
microns while the distance from flat surface of the fiber to the core is only 8 microns. The
fibers are typically etched to within 2 to .2 microns of the core, which exposes the
evanescent field while the bulk of the fiber is not significantly damaged.

Figure 4.1 Pre- and Post-Etch Cross-section of a D-fiber.
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After etching, the fiber is rinsed thoroughly with DI water to remove the BOE.
With the light-guiding section of the fiber exposed, the surface of the fibers must be kept
clean and free of contaminants to minimize the optical losses. One problem we
discovered in our research is that fibers that have been deeply etched are damaged if
water is allowed to dry on them. To prevent this damage the fibers are rinsed with
methanol immediately after they are removed from the rinse water. The methanol
evaporates without leaving any residue, leaving the fibers clean and undamaged.
The condition of the fibers after etching can be examined with a scanning electron
microscope, SEM. The SEM operates by focusing a beam of electrons onto the surface of
the material to be viewed. The electron beam excites the electrons in the material causing
some to escape. Low energy electrons that escape from the surface of the material are
called secondary electrons. Detecting these electrons as the electron beam scans across
the material allows the topology of the fiber (etch uniformity and surface roughness) to
be imaged. [13]

Figure 4.2 Secondary Electron Image of
a D-fiber.
The fiber, with the flat surface up, is
extending from the plastic jacket.
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Figure 4.3 Secondary Electron Image of
the Top of an Unetched Fiber.
Some debris can be seen on the
otherwise smooth fiber surface.

Another method of imaging the fiber with the SEM is the use of backscatter
electrons. Backscatter electrons are higher energy electrons that escape from deeper
within the material. Elements with higher atomic numbers emit more backscatter
electrons resulting in a brighter appearance [14]. In backscatter images of a fiber the core
appears as a bright spot since it is doped with germanium, which has a higher atomic than
silicon or oxygen. By looking at a backscatter image of a cross-section of the fiber the
condition of the core can be observed and the etch depth measured.

Figure 4.4 Backscatter Image of the
Cross-section of a D-Fiber.
The fiber core appears as a bright spot.
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Figure 4.5 Backscatter image of the core
of a D-Fiber.
The germanium doped core appears as a
bright elliptical spot. The fluorine doped
cladding can also so be seen as a faint
circle around the core.

Figures 4.6, 4.7, and 4.8 are SEM pictures of etched fibers. The images show that
the cladding has been etched from around the core of the fiber. This is due to the BOE
etching the fluorine doped cladding more rapidly than the core or the super cladding of
the fiber [15]. The result is that a trough forms where the cladding is etched and the core
appears as a ridge in the center.

Figure 4.6 Secondary Electron Image of
the Top of an Etched Fiber.
The cladding has been etched out from
around the core, which appears as a
ridge in the center trough.
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Figure 4.7 Secondary Electron Image of
the Cross-section of an Etched Fiber.

Figure 4.8 Backscatter Image of the
Cross-section an Etched Fiber.
The core stands out brightly and the
cladding beneath can still be faintly
seen.

4.2.2 Monitored Etching
An important goal in our etching process is to be able to etch the fibers to a
repeatable depth. Due to the dependences of the etch rate on the temperature and amount
of previous use of the acid, merely timing the length of the etching does not give
consistent enough results. The best solution is to actively monitor the etching process to
determine how much of the cladding has been removed and terminate the etching at the
appropriate time.
One method for monitoring the etch depth is to measure the optical loss through
the fiber during the etching process. As the cladding is removed more of the light in the
evanescent field escapes from the fiber. The amount of the cladding that has been
removed can be correlated to the amount of optical loss measured.
In D-fibers the etch depth can also be monitored by measuring changes in the
birefringence using the polarization filter described in Chapter 3. Once the BOE reaches
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the evanescent field light propagates in the BOE. This decreases the effective index of
refraction of the fiber. One of the polarization maintaining modes is more affected by the
change in index than the other resulting in a change in the birefringence of the fiber. The
more of the cladding that is etched away the greater the change in the birefringence.
Using the polarization filter these changes can be measured. Figure 4.9 below shows the
power in one polarization state versus the etching time.
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Figure 4.9 The Output Power from a D-fiber Being Etched in BOE Versus Time.

The above figure shows the changes in the birefringence of a D-fiber during
etching. The analyzer, which blocks one of the polarization states, was not placed into the
system until the 30-minute mark; until that point the power shown is the total power in
the fiber. The fluctuations over the first fifteen minutes are due to adjustments in the
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coupling of the light into the fiber that were made to insure that maximum coupling was
being achieved. The drop off around the thirty-minute mark results from the analyzer
being placed into the system. The occasional jumps in power afterwards are due to the
analyzer being removed while the total optical power was checked. This is done several
times during the etching to insure that the light is still fully coupling into the fiber. At
about the seventy minute mark the BOE reaches the depth at which it begins to affect the
effective index of refraction of the fiber. This occurs well before the total optical power
begins to drop at about 95 minutes. The oscillations increase in frequency as the cladding
is etched away and more light is coupled into the BOE.
In order to correlate the decrease in intensity with the oscillations in the
birefringence to the etch depth, several fibers were etched and then observed with
backscatter imaging. Several smaller pieces of fiber were etched with the monitored
fibers and removed at various times during the process. SEM backscatter pictures were
taken of the cross-sections of the small pieces of fiber. The following figures show the
results of three of these experiments. The time at which each fiber segment was removed
from the BOE is marked on the plots of the birefringence.
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Figure 4.10 Output Power versus Etch Time, January 13.
The results in the change in birefringence of a 5 cm length of fiber etched in BOE.

Figure 4.10 shows the frequency of the oscillations increasing as the etch
progresses. After minute 110 the oscillations begin to widen for a brief period of time.
This pattern is seen in all of the monitored etches and corresponds to the etch coming in
proximity to the core of the fiber. Up until this point only the evanescent field above the
core is affected by the BOE. The oscillations begin to widen as the field on the sides of
the core interacts with the BOE.
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Figure 4.11 Output Power versus Etch Time, January 13.
The times at which the fiber segments were removed from the BOE are shown.

The fiber segments were removed from BOE over the time interval in which the
optical power had fallen by about 90% to 75%. At this point oscillations were still
increasing in frequency; the birefringence was changing at rates be between 1 and 3
cycles per a minute. It is important to note that the oscillation rate of the birefringence is
dependent on the length of the etched section of fiber. The following pictures of the fiber
cross-sections show that during this period the etching has reached to with in 0.8 to 0.5
um of the core.
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Figure 4.12 Fiber #1, January 13.
The fiber was removed at minute 101.75.
The distance from the core to the surface
of the fiber is 0.76um.

Figure 4.13 Fiber #2, January 13.
The fiber was removed at minute 101.75.
The distance from the core to the surface
of the fiber is 0.82um.

Figure 4.14 Fiber #3, January 13.
The fiber was removed at minute 103.25.
The distance from the core to the surface
of the fiber is 0.53um.

Figure 4.15 Fiber # 4, January 13.
The fiber was removed at minute 104.4.
The distance from the core to the surface
of the fiber is 0.65um.
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Figure 4.16 Fiber #5, January 13.
The fiber was removed at minute 105.9.
The distance from the core to the surface
of the fiber is 0.53um.
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Figure 4.17 Output Power versus Etch Time, January 25.
The results in the change in birefringence of a 5.3 cm length of fiber etched in BOE.

57

BOE Etch 1/25/2000
700
Fiber #1 Fiber #2 Fiber #3 Fiber #4
600

Power (uW)

500
400
300
200
100
0
98

99

100

101

102

103

104

105

106

107

108

109

110

111

Tim e (m in)

Figure 4.18 Output Power versus Etch Time, January 13.
The times at which the fiber segments were removed from the BOE are shown.

The fiber segments were removed during the period of the etching when the
optical power had fallen by about 60% to 40%. During this period the oscillations began
to decrease in frequency. Segment three was removed during the period of widening
oscillations and the picture of the cross-section of the segment, Figure 4.21, shows that at
this point the core has been exposed. The picture of segment four, removed during the
widest oscillation, shows the cladding is being etched from around the core, Figure 4.22.
Pictures of the monitored fiber from this etch were also taken, Figures 4.23 through 4.26.
The monitored fiber was removed from the BOE once all of the optical power had been
lost. The pictures show that the core was half way exposed but not etched away.
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Figure 4.19 Fiber #1, January 25.
The fiber was removed at minute 106.9.
The distance from the core to the surface
of the fiber is 0.24 um.

Figure 4.20 Fiber #2, January 25.
Top of the fiber, secondary electron
image. The fiber was removed at minute
107.5. No cross-section was available
but the top view shows where the
cladding has been etched away. The core
appears as the bright line in the center of
the fiber.

Figure 4.21 Fiber #3, January 25.
The fiber was removed at minute 109.1.
The core is just barely touching the
surface of the fiber. This segment was
removed
during
the
widening
oscillations.

Figure 4.22 Fiber #4, January 25.
The fiber was removed at minute 110.3.
The BOE has begun to etch around the
core. This segment was removed during
the widest oscillation.
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Figure 4.23 Monitored Fiber, January 25
The fiber was removed at minute 115.

Figure 4.24 Monitored Fiber, January
25, Secondary Electron Image.
The fiber was removed at minute 115.

Figure 4.25 Monitored Fiber, January 25
The fiber was removed at minute 115.

Figure 4.26 Monitored Fiber, January
25, Secondary Electron Image.
The fiber was removed at minute 115.
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Figure 4.27 Output Power versus Etch Time, February 3.
The results in the change in birefringence of a 5 cm length of fiber etched in BOE.
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Figure 4.28 Output Power versus Etch Time, February 3.
The times at which the fiber segments were removed from the BOE are shown.
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The fiber segments were removed during the period of the etching when the
optical power had fallen by about 60% to 30%. This is the same period as the previous
etch. Fiber segment one, Figures 4.29, 4.30, and 4.31, was removed at a similar point as
segment one of the previous etch; both segments also had about had about 0.2 um of
cladding left above the core. By segment three, in the widening oscillations, the core has
been exposed again, Figures 4.35 and 4.36. Segments four, Figures 4.37, 4.38, and 4.39,
five, Figure 4.40, show the cladding being etched from around the core.

Figure 4.29 Fiber #1, February 3.
The fiber was removed at minute 107.2.
The distance from the core to the surface
of the fiber is 0.18um.

Figure 4.30 Fiber #1, February 3.
The fiber was removed at minute 107.2.
The distance from the core to the surface
of the fiber is 0.12um.
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Figure 4.31 Fiber #1, February 3.
The fiber was removed at minute 107.2.
The distance from the core to the surface
of the fiber is 0.24um.

Figure 4.32 Fiber # 2, February 3.
The fiber was removed at minute 107.2.
The distance from the core to the surface
of the fiber is 0.18um.

Figure 4.33 Fiber #2, February 3.
The fiber was removed at minute 107.9.
The distance from the core to the surface
of the fiber is 0.12um

Figure 4.34 Fiber #2, February 3.
The fiber was removed at minute 107.9.
The distance from the core to the surface
of the fiber is 0.12um.
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Figure 4.35 Fiber #3, February 3.
The fiber was removed at minute 109.3.

Figure 4.36 Fiber #3, February 3.
The fiber was removed at minute 109.3.

Figure 4.37 Fiber #4, February 3.
The fiber was removed at minute 110.3.

Figure 4.38 Fiber #4, February 3.
The fiber was removed at minute 110.3.
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Figure 4.39 Fiber #4, February 3.
The fiber was removed at minute 110.3.

Figure 4.40 Fiber #5, February 3.
The fiber was removed at minute 110.3.

Using the SEM we were able to correlated to specific etch depths to the optical
losses and the birefringence oscillations of a D-fiber. In the last two etches we were able
to achieve similar etch depths on the fiber segments through this process. Monitoring the
fiber in this way allows us good control of the etching process.

4.3 Nonlinear Optical Polymer

4.3.1 Synthesis of the Nonlinear Optical Polymer
As stated in Chapter 3 the nonlinear optical polymer, NLOP, used in this research
is a guest-host system. Guest-host systems are used in many experiments with NLOPs
because of the simplicity in synthesizing them. The NLOP is comprised of a basis
polymer, a nonlinear optical dye, and a solvent in which the polymer and dye are mixed.
Despite the simplicity of the NLOP, the materials and procedures used to create the
polymer are important in insuring the quality of the final product.
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The basis or host polymer makes up the bulk of the NLOP. Most of the physical
properties of the NLOP are based on those of the host polymer, including the index of
refraction and the glass-rubber transition temperature. The index of refraction relates to
the speed that light travels through the polymer relative to the speed of light in a vacuum
and affects the transmission and reflection of light at the boundaries of different
materials. Using a polymer with an index similar to the index of the fiber cladding helps
maintain the waveguide characteristics of the fiber.
The glass–rubber transition temperature, Tg, is the temperature at which the
polymer switches between a relatively rigid glass state, below Tg, and an elastic rubber
state, above Tg. The poling of the NLOP, discussed in detail in Section 4.3.3, is done
near this temperature. As the polymer is heated closer to its Tg the bonds between the
polymer molecules relax allowing for more movement within the polymer. This allows
the guest dye molecules to realign within the polymer during the poling process.
Conversely, if the polymer is heated after being poled, the dye molecules can fall out of
alignment. Polymers with higher transition temperatures are desirable as they tend to
result in more stable NLOPs that remained poled over temperature variations and for
longer periods of time.
In our work we used poly(methyl methacrylate), PMMA, as the basis polymer.
PMMA is a very common polymer and is used to make Plexiglas. Much of the similar
research with guest-host NLOPs uses PMMA as the host polymer [9][11][16][17][18].
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Table 4.1 Physical Properties of the Poly(Methyl Methacrylate)
Mol. Weight

Index of
Refraction

Glass-Rubber Transition
Temperature

350,000

1.4893

122°C

Poly(methyl methacrylate)

We use Dispersed Red 1 Azo Dye, DR1, as the nonlinear optical dye (95% pure
from Aldrich). Like PMMA, DR1 is commonly used in research involving guest-host
NLOPs [9][11][17][18]. There are dyes with higher electro-optic coefficients but DR1
has the advantage of being very common, easy to use, and relatively inexpensive. For our
work a polymer-dye mixture with a 6% by weight dye concentration is used, similar to
concentrations used by other groups [11].
The polymer and dye mixture are dissolved in the solvent to form the NLOP. The
properties of the solvent affect both the synthesis and deposition processes. In synthesis it
is important that the polymer is completely dissolved by the solvent. Any particles of the
polymer or dye that are not dissolved will cause non-uniformities in the deposited NLOP
film. These non-uniformities may lead to electrical shorting during the poling process or
optical losses when the NLOP is applied to the evanescent field. It is also important for
the solvent to completely evaporate leaving only the NLOP after the deposition of the
polymer. However, the solvent should not evaporate so rapidly that the polymer cannot
be spun uniformly into thin films.
After investigating several solvents chlorobenzene was chosen for use in this
work. Polymers made with chlorobenzene can be spun into very uniform films and allow
good control of the film thickness. Chlorobenzene evaporates out of the solution much
67

slower than the other solvents; this allows the polymer to be spun into very thin films
without drying out. However, polymers created with chlorobenzene require longer to
dissolve than those made from some of the other solvents. Also, the polymer and die fall
out of the chlorobenzene solution over time. These shortcomings have to be accounted
for during the synthesis of the NLOP.
The processes used in synthesizing the NLOP are important in insuring the quality
of the polymer films. The amount polymer and dye are weighed to insure the 6%
concentration. Fifteen milliliters of solvent are used for every 2 grams of polymer [11].
To insure a good mixture and to allow the solvent to thoroughly dissolve the polymer, the
solution is mixed in a closed container with a magnetic stirrer for several days.
Afterwards the solution is left sitting overnight, which allows the majority of undissolved
material to settle out of the mixture. Finally the solution is filtered to remove any
remaining undissolved particles. This process results in a very uniform polymer solution.

4.3.2 Deposition of the Nonlinear Optical Polymer
Once the polymer solution has been synthesized the next step is to create a thin
film and apply it to the evanescent filed of the fiber. As with the polymer, the quality of
the film is important to the film’s final properties. The film must be uniform thickness
and is free from defects, such as air bubbles or undissolved particles, which may lead to
optical scattering and losses or electrical shorts. Also, the thickness of the film should be
repeatable to allow consistent fabrication of devices. A quality film will help to insure
waveguide uniformity, minimal optical losses, and repeatable electro-optic excitation.
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Another critical aspect of the deposition process is having good optical contact
between the fiber and the film. This insures that the evanescent light couples into the
polymer and that any losses are minimal. Good optical contact results in efficient
coupling and in maintaining a uniform optical waveguide.
A common method in the semiconductor industry for creating uniform films is to
spin the solution across a substrate. The substrate is held on a vacuum chuck and a small
quantity of the material to be deposited is poured onto its center. The chuck is then spun
at several thousand revolutions per a minute. The centrifugal forces created by the
spinning cause the material to flow out over the substrate. If the substrate is flat and
smooth, this creates a film with very uniform thickness. The viscosity of the liquid and
the speed of the spinning are used to control the thickness of the film.
Our work uses spinning to create uniform films of the NLOP in conjunction with
two methods of depositing the polymer onto the fiber: direct spinning and decal
deposition. With direct spinning the polymer is spun onto an embedded and etched fiber;
the polymer is poled after the deposition. In decal deposition the polymer is spun and
poled on a glass slide. The polymer is then removed from the slide and applied to the
embedded and etched fiber.
Direct spinning is the more straightforward of the two methods. The polymer is
applied to the fiber as a liquid, which adherers to the fiber and forms an excellent optical
contact. The wafer in which the fiber is embedded is then spun to spread the polymer
over the entire fiber and wafer. Relatively low speeds are used to minimize the physical
strain on the fiber. After the spinning, the wafer is baked near the glass rubber transition
temperature of the polymer to remove any residual solvent.
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Direct spinning is very simple and insures good optical contact between the
NLOP and the D-fiber. There are several disadvantages though. The spinning must be
done carefully and at low speeds so as not to damage the fiber; this limits the control over
the thickness and uniformity of the film. Also, since the fiber may be slightly above or
below the surface of the wafer, the thickness of the film on the embedded fiber cannot
always be determined precisely. This results in some uncertainty in the quality of the
film.
Decal deposition is a more controllable and repeatable method than direct
spinning but is also more complex to implement. Glass sides with indium tin oxide (ITO),
a transparent conductive material, deposited on one side are used as substrates. The ITO
layer serves as the ground plane during poling. The polymer film is spun on to the side of
the slide without ITO. Since the slide provides a flat, smooth surface, decal deposition
allows more control of the spin speed and better insures uniform thickness films. After
poling the film is removed from the slide and placed onto the fiber. An index matching
fluid is typically placed between the fiber and the film to help form a good optical
contact. The disadvantage of decal deposition is the quality of the optical contact. Since
the polymer is not in direct contact with the fiber good optical coupling is not insured as
with direct spinning.
Removing the polymer from the slide is accomplished by applying a release layer
onto the slide prior to spinning on the polymer [19]. The release layer is formed with
poly(acrylic acid), PAA, a water soluble material. The PAA is spun onto the slide to form
an approximately one micron thick film and the slide is baked to solidify the film. The
polymer is then spun on top of the PAA layer, baked to remove the residual solvent, and
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poled. Afterwards the slide is soaked in water, dissolving the PAA and releasing the
polymer. The released polymer film floats to the surface of the water. The film is
carefully removed from the water and allowed to dry. Finally the polymer film is
deposited onto the etched fiber.

Figure 4.41 Polymer Release Process in Decal Deposition

4.3.3 Poling
After the NLOP is synthesized the polarities of the dye molecules are randomly
oriented within the polymer, Figure 4.42a. In order for the polymer to exhibit electrooptic properties the dye molecules must be aligned as in Figure 4.42c. This is achieved by
placing an electric field across the polymer film, Figure 4.42b. The process is referred to
as poling the polymer.
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Figure 4.42 Poling Process.
a) Unpoled NLOP. The polarity of the dye molecules is indicated by the arrows.
b) Electric Field Applied. Dashed lines indicate the electric field.
c) Poled NLOP.

In order to facilitate the movement of the dye molecules within the polymer the
poling is done at an elevated temperature. The polymer is heated to just below the glassrubber transition temperature, making the polymer more elastic, before the electric field
is applied. Once the electric field has been applied, the polymer is held at the elevated
temperature for a few minutes and then cooled to room temperature while the electric
field is maintained. Maintaining the electric field during cooling keeps the dye molecules
aligned properly until the polymer returns to the “glass” state, freezing the aligned dye
molecules.
The degree to which the polymer is poled is dependent on the strength of the
electric field and the amount of time the field is held across the polymer. Both of these
parameters are limited by dielectric breakdown within the polymer. Dielectric breakdown
occurs when the electric field across a dielectric material, such as the NLOP, is high

72

enough to cause conduction paths to form in the material. This happens more easily in the
heated polymer as the molecules are in an excited state, especially at the glass-rubber
transition temperature when the polymer changes to a much less rigid state. Dielectric
breakdown during the poling process results in damage to the polymer potentially
creating holes that will act as electrical shorts through the polymer.
One method to help limit dielectric breakdown and allow for maximum poling
efficiency is to pole at just under the glass-rubber temperature. In order to determine a
temperature at which to pole the polymer, the current through a sample of the polymer
film was measured while being heated. The NLOP was spun onto bare silicon wafers to
form a very uniform film. The wafer and polymer film were then connected to a power
supply as shown in Figure 4.43.

Figure 4.43 Diagram of Test Setup
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Once the electrical connections had been made the wafer and polymer were
heated and the current was calculated from the voltage drop across the one mega-ohm
resister. Figures 4.44, 4.45, and 4.46 show the results of these measurements. Figures
4.44 and 4.45 are the current through two different dye concentrations of the NLOP, 10%
and 6.6%. In both cases the current spiked at around 105 C. Figure 4.46 is the current
through a thin film of PAA. The current spiked at just below 90 C. Based on this
information we use a poling temperature of 80 to 85 C.
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Figure 4.44 Conductivity of PMMA-DR1 versus Temperature.
One micron thick polymer film comprised of 10% dye by weight. Two hundred volts
applied across the polymer. Current calculated from the voltage drop across a 1 megaohm resister.
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Figure 4.45 Conductivity of PMMA-DR1 versus Temperature.
One micron thick polymer film comprised of 6.6% dye by weight. Two hundred volts
applied across the polymer. Current calculated from the voltage drop across a 1 megaohm resister.
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Figure 4.46 Conductivity of PAA versus Temperature.
One micron thick film. One hundred volts applied across the film. Current calculated
from the voltage drop across a 1 mega-ohm resister.

There are two methods for poling the polymer: contact and corona poling. In
contact poling the electric field is applied by an electrode that is placed directly on the
polymer. An advantage of this method is that the same electrode could be used for poling
in device fabrication and for applying the electrical signal in device operation. In corona
poling the electric field is applied above the polymer by a thin wire or needle. In both
methods a positive electric field is applied to the electrode while either the silicon wafer,
for direct deposition, or the ITO, for decal deposition, supplies the ground plane.
Contact poling is the simpler of the two methods. As shown in Figure 4.47, the
polymer is sandwiched between the two metal electrodes. A significant disadvantage of
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contact poling is that the poling voltages are limited by dielectric breakdown; the
maximum voltage that can be applied must be less than the dielectric breakdown voltage
of the film. This limits the poling voltage to only a few hundred volts. Since the
breakdown voltage is dependent on the properties of the polymer film, such as the
thickness of the film, there are also problems with consistent poling of the polymer.

Figure 4.47 Contact Poling

The use of corona poling can alleviate the limitations on the poling voltages. In
corona poling the electric field is applied above the polymer with a thin tungsten wire,
Figure 4.48. The electric field ionizes some of the air molecules in between the wire and
the polymer. The ionized air molecules, attracted to the grounded substrate, then “fall” on
to the polymer. This results in nearly all of the electric field being applied across the
polymer while limiting the current flow [16]. In this way, electric fields of thousands of
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volts can be applied across the NLOP. Since the electrode is not in contact with the
polymer any shorts that may form in the polymer remain isolated and do not result in
catastrophic damage to the polymer [20].

Figure 4.48 Corona Poling

Despite the fact that corona poling can limit catastrophic failure due to shorting
the polymer can still be damage. The electric field can create pinholes and “craters” in the
polymer, Figures 4.50 through 4.54. These defects can be seen by the naked eye in the
polymer after poling. The areas of the polymer in which pinholes have formed appear
discolored and rough. The craters appear as tiny white dots and are concentrated in the
areas where the field was the strongest. By controlling the poling voltage, the distance
between the polymer and the wire, and the poling temperature these defects can be
minimized.
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Figure 4.49 Unpoled Polymer on Top of
an Embedded Fiber.
The dark line through the middle of the
picture is the gap between the fiber and
the silicon wafer; the fiber is above and
the wafer below.

Figure 4.50 Poled Polymer on Top of an
Embedded Fiber.
The fiber runs through the center of the
picture. Pinholes can be seen across the
polymer but are concentrated along the
gaps between the fiber and the wafer.

Figure 4.51 Poled Polymer Over the
Silicon Wafer.
This picture was taken of the discolored
region of the polymer after poling. Many
pinholes can be seen.

Figure 4.52 Close Up of the Pinholes in
the Poled Polymer.
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Figure 4.54 Small Crater with Pinholes.
This crater may be to small to detect
with the naked eye yet still has
substantially damaged the polymer film.

Figure 4.53 Crater in the Poled Polymer.
The larger craters appear as white dots to
the naked eye on the poled polymer film.

Figure 4.55 Non-discolored Region of a
Poled Polymer on a Silicon Wafer.
Some surface roughing can be seen but
there are no obvious pinholes or craters.

4.3.4 Second Harmonic Generation
In order the to determine to what extent the dye molecules have been aligned, the
polymer is tested for second harmonic generation, SHG. Once the polymer has been
poled it exhibits nonlinear optical properties. One of the effects of nonlinear optical
materials on light is SHG. A small portion of light traveling through a nonlinear optical
material is doubled in frequency creating the second harmonic of the incident light. By
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detecting the amount of light at the second harmonic the level of nonlinear behavior in
the polymer can be measured.
The system used to measure second harmonic generation in the NLOP films is
shown in Figure 4.56. The system is comprised of a laser, several filters, and a photomultiplier tube. The laser is a Nd:Yag, which emits 7 ns pulses of infra-red light, 1060
nm, with 25 mJ of energy. The light passes through the NLOP sample and a portion is
doubled up to 530 nm, green. Since the levels of SHG light are very low the light is
passed through two filters so that only the green light reaches the detector. The first filter
blocks the IR light that passed through the sample without being doubled. The next filter
is a green pass filter to only allow the SHG signal into the detector. Even with this
filtering it is still necessary for the testing be done in a darkened room to minimize
unwanted light from entering the detector and drowning out the desired signal. The
photo-multiplier tube detects and amplifies the SHG signal. The magnitude of the
detected pulses is measured with an oscilloscope.

Figure 4.56 Second Harmonic Generation
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Using this system the polymer films are tested after poling to insure that they
nonlinearly active. Both films that are spun onto silicon wafers or ITO slides can be
tested. The films that are on ITO slides are tested as shown in Figure 4.56; the light
passes through the polymer and the glass slide. With films that are deposited on silicon
wafers the light reflects off of the silicon and the reflected light is passed through the
filters and into the detector. In the testing of the polymer films equal levels of SHG have
been found both with damaged, discolored, and undamaged regions of the films. This
implies that excess poling does not result in any added benefit and only serves to damage
the films.
Using SHG characteristics of the poled polymers related to nonlinear properties,
such as the relaxation of the NLOP, can also be tested. As mentioned previously, the
polymer relaxes over time and the dye molecules drift out of alignment. To determine the
extent of the relaxation the magnitude of the second harmonic is measured shortly after
the polymer is poled and again after a specified amount of time. Figure 4.57 shows the
SHG levels of a sample immediately after poling and after being allowed to sit overnight.
The overnight relaxation of the polymer results in about a twenty percent decrease in the
nonlinear optical performance.
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Figure 4.57 Overnight Relaxation of a Poled Polymer

SHG testing provides a method for confirming that the polymer films have been
poled and are electro-optically active. The amount of relaxation over time that has been
observed in the NLOP is a concern in our development of optical polymer systems and
requires that the polymer films are tested and used shortly after poling. However, for a
simple guest–host system such as is used in this work this constraint is not unexpected.

4.4 Summary

The developed processes for accessing the optical field within a D-fiber and
making the NLOP films provide the initial steps in our work developing in-fiber electrooptic devices. By monitoring the D-fiber during the etching process the final distance
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from the surface of the fiber to the core can be reliably controlled. We are able to etch
within 0.2 microns of the core on a repeatable basis. The ability to control the etching of
the fiber provides the consistent access to the evanescent field need for research and
development efforts. The PMMA/DR1 NLOP is a fairly simple system but serves as a
good first step in working with nonlinear optical polymers. Using decal deposition and
corona poling we are able to make uniform films with consistent nonlinear optical
properties.
While this work has established the initial processes for the development of infiber electro-optic devices much work is still necessary to fabricate working devices.
Future work to be accomplished in the development of the polarimetric modulator
includes: optimizing the optical coupling between the D-fiber and the NLOP and making
high-speed electrodes on the polymer film. These issues are discussed briefly in the next
and final chapter.
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Chapter 5

Conclusion

In the work reported on in this thesis the SWIFT embedded fiber technology was
used as the basis platform for most of our efforts. The SWIFT platform allowed us to use
equipment and processes from the semiconductor industry, greatly facilitating our efforts.
Our hope for the SWIFT technology is that future work will enable multiple optical
devices to be integrated with microelectronic devices on a single chip; this would create a
multiple device platform upon which whole systems could be developed.
The developed processes of monitored etching and making NLOP films form the
initial steps in the development of the SWIFT polarimetric modulator. Future work to
continue this development includes: optimizing the optical coupling between the D-fiber
and the NLOP, optimizing the poling of the polymer films, and making high-speed
electrodes on the polymer film.
In order to achieve an operational device, the evanescent coupling between the
fiber and the NLOP must allow for the effects of the electro-optic activity to be detected
and the optical losses must be limited. The first step in accomplishing this is determining
the optimum etch depths. Using the monitored etching, fibers should be etched to various
depths and the NLOP film applied. The optical losses and any changes in polarization
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resulting from DC electric fields applied across the film should be measured. From this
information the optimal depths for minimizing optical losses and maximizing electrooptic activity can be determined. Also, the range of depths that allow the birefringence of
the fiber to be affected by the NLOP can be found.
Another area in which work can be done to optimize the optical coupling between
the fiber and the NLOP is in investigating polymers with lower indexes of refraction.
PMMA has refractive index greater than that of the fiber cladding. By using a polymer
with an index closer to that of the cladding the optical mode is better preserved with the
application of the NLOP. Studying alternative host polymers may provide closer matches
between the index of the NLOP and the fiber cladding.
Further optimization is possible by utilizing dyes with higher electro-optic
coefficients. These dyes have a greater electro-optical effect on the portion of light in the
NLOP allowing for greater influence on the optical mode without coupling additional
light out of the fiber. The use of copolymer NLOPs could also be explored to increase the
nonlinear optical activity.
The processes for depositing the polymer films onto the etched fibers need to be
improved. For decal deposition, a process for applying the polymer film to the fiber that
is repeatable and insures good optical contact needs to be developed within our lab. With
direct spinning, a method to determine the thickness and quality of the polymer film on
the fiber could be developed. Also, the embedding and deposition processes could be
modified to insure the film quality.
With regard to the corona poling of the polymer films, we have seen that the
amount of damage done to the film can be limited while still allowing good poling. The
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parameters of the poling process, temperature, voltage, and distance between the
electrode and the polymer, need to be further tested to determine the values that give
maximum nonlinear optical activity while limiting damage to the films.
Once the optical coupling and nonlinear optical effects have been optimized
processes for applying electrodes to the device need to be developed. The electrodes
should be designed to accommodate high frequency (GHz) signals. One of the critical
issues in designing these electrodes is matching the phase velocity of the RF signal with
that of light inside the fiber. If the two signals do not propagate at the same rate they fall
out of phase with one another and optimum modulation is not be achieved. By careful
design of the shape of electrodes (conductor widths, heights, and spacings) this phase
match can be achieved.
Aside from work directly on the electro-optic modulator further work can also be
done in studying the effects on the optical mode in the fiber resulting from etching close
to the core. The exact cause of the decreasing rate of change in the birefringence as the
etch approaches the core could be studied. This could be done by mathematical analysis
and by experimentation, such as employing various etchants. One option would be to etch
the fiber with straight HF, which etches the core of the fiber more rapidly than the
cladding, as opposed to BOE, which was used in this work.
Our hope that future efforts in developing the SWIFT polarimetric modulator will
result in a working device that demonstrates the ability of the SWIFT platform to
facilitate in the fabrication of optoelectronic devices.
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